Evidences suggest that C-terminal truncation of α-synuclein is equally important as aggregation of α-synuclein in Parkinson's disease (PD). Our previous results showed that an endopeptidase, matrix metalloproteinase-3 (MMP3) was induced and activated in dopaminergic (DA) cells upon stress conditions. Here, we report that MMP3 cleaved α-synuclein in vitro and in vivo, and that α-synuclein and MMP3 were colocalized in Lewy bodies (LBs) in the post mortem brains of PD patients. Incubation of α-synuclein with catalytic domain of MMP3 (cMMP3) resulted in generation of several peptides, and the peptide profiles of WT α-synuclein (WTsyn) and A53T mutant (A53Tsyn) were different. Combined analysis using mass spectrometry and N-terminal determination revealed that MMP3 generated C-terminally truncated peptides of amino acid 1-78, 1-91 and 1-93, and that A53Tsyn produced significantly higher quantities of these peptides. Similar sizes of peptides were detected in N27 DA cells under oxidative stress and RNA interference to knock down MMP3 attenuated peptide generation. Co-overexpression of cMMP3 with either WTsyn or A53Tsyn led to reduction in triton X-100 insoluble aggregates and increase in protofibril-like small aggregates. In addition, overexpression of 1-93 peptide in the SN led to DA neuronal loss without LB-like aggregate formation. The results strongly indicate that MMP3 digestion of α-synuclein in DA neurons plays a pivotal role in the progression of PD through modulation of α-synuclein in aggregation, LB formation, and neurotoxicity.
Evidences suggest that C-terminal truncation of α-synuclein is equally important as aggregation of α-synuclein in Parkinson's disease (PD). Our previous results showed that an endopeptidase, matrix metalloproteinase-3 (MMP3) was induced and activated in dopaminergic (DA) cells upon stress conditions. Here, we report that MMP3 cleaved α-synuclein in vitro and in vivo, and that α-synuclein and MMP3 were colocalized in Lewy bodies (LBs) in the post mortem brains of PD patients. Incubation of α-synuclein with catalytic domain of MMP3 (cMMP3) resulted in generation of several peptides, and the peptide profiles of WT α-synuclein (WTsyn) and A53T mutant (A53Tsyn) were different. Combined analysis using mass spectrometry and N-terminal determination revealed that MMP3 generated C-terminally truncated peptides of amino acid 1-78, 1-91 and 1-93, and that A53Tsyn produced significantly higher quantities of these peptides. Similar sizes of peptides were detected in N27 DA cells under oxidative stress and RNA interference to knock down MMP3 attenuated peptide generation. Co-overexpression of cMMP3 with either WTsyn or A53Tsyn led to reduction in triton X-100 insoluble aggregates and increase in protofibril-like small aggregates. In addition, overexpression of 1-93 peptide in the SN led to DA neuronal loss without LB-like aggregate formation. The results strongly indicate that MMP3 digestion of α-synuclein in DA neurons plays a pivotal role in the progression of PD through modulation of α-synuclein in aggregation, LB formation, and neurotoxicity.
The epidemiological as well as animal studies suggest that environmental factors, genetic predispositions and the interplay between two factors are implicated in the PD pathogenesis (1) , although the underlying molecular mechanisms remain largely unknown. α-synuclein is a major component of Lewy-body (LB), the pathological hallmark of Parkinson's disease (2) . Since, expression of three mutant forms of α-synuclein, A53T, A30P and E46K in the brain (3) (4) (5) and increased copy number by duplication or triplication of wild-type α-synuclein gene (6) (7) (8) have been reported in the early-onset familial cases of PD, the pathophysiological role of these mutants of α-synuclein has been a target of extensive investigations in PD research. The ability of α-synuclein to aggregate and form fibrillar deposits have been shown to play a central role to its pathology. The facts that the presence of C-terminally truncated α-synuclein in LBs of sporadic PD and LB dementia (9, 10) , existence of various lengths of the truncated forms of α-synuclein in brain (10, 11) , and the formation of C-terminally truncated α-synuclein in A53T transgenic mice that show motor symptoms (12) implicate the probable involvement of endopeptidases in cleaving α-synuclein in brains.
In addition, about 15% of α-synuclein in LBs are truncated forms and incomplete degradation of α-synuclein produced highly amyloidogenic fragments (9, 13) . Recent report showed that matrix metalloproteinases (MMPs) were able to cleave α-synuclein and MMP3 was the most efficient enzyme among them in cleaving α-synuclein into several fragments (14) . Several other proteinases that include calpain, neurosin and proteasome 20S are known to cleave α-synuclein in DA neurons, and are localized in or around LBs where α-synuclein is localized (10, (15) (16) (17) (18) . However, the role of cleaved peptides is still obscure.
Increasing line of evidence has linked matrix metalloproteinases (MMPs) to the pathogenesis of neurodegenerative diseases, such as Alzheimer's and Parkinson's disease (19) (20) (21) (22) . Our previous studies demonstrated that MMP3 plays crucial role in degeneration of dopaminergic neurons in substantia nigra (22, 23) . We have also demonstrated recently that the active MMP3 accumulated in cytoplasm of DA cells under various stress conditions was responsible for DJ-1 degradation and abolished antioxidant property of DJ-1 (24) .
We investigated whether i) active MMP3 cleaves α-synuclein in DA neuronal cells under stress conditions, ii) MMP3 mediated cleavage of WT and mutant α-synucleins yield different sizes and quantities of peptides, iii) differentially cleaved peptides have their specific pathophysiologic properties, and iv) cleaved peptides play significant roles in DA neuronal degeneration in vivo. We show here evidence that MMP3-mediated α-synuclein cleavage plays a pivotal role in the pathogenesis of PD.
EXPERIMENTAL PROCEDURES

Materials
Recombinant α-synucelin peptides (WTsyn, A53Tsyn and A30Psyn) were purchased from rPeptide (GA, USA). Fetal bovine serum (FBS) and cell culture reagents were bought from GibcoBRL (Gaithersburg, MD, USA). Nisobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH) was purchased from BIOMOL International (Plymouth Meeting, PA, USA). The recombinant catalytic domain of MMP3 protein was obtained from Calbiochem (San Diego, CA, USA). Goat polyclonal anti-MMP3 antibody and rabbit polyclonal α-synuclein antibody were purchased from Santa Cruz biotechnology (Santa Cruz, CA, USA (Table 1) . Control cases had no recognizable pathology in the brain and PD cases had diagnostic pathology (disappearance of DA neurons and Lewy bodies) on hematoxylin and eosin-stained slides. Immunohistochemistry (IHC) was performed using MMP3 antibody that reacts with the Cterminal hemopexin domain of the human MMP3 (Santa Cruz, CA, USA) at 1:50 dilution or α-synuclein antibody (Santa Cruz, CA, USA). Paraffin-embedded human brain sections were incubated in citrate buffer at 95°C for 20 min for antigen retrieval. Staining was completed using the tyramide signal amplification Biotin System (NEN Life Science Products, Boston, MA, USA). We used the Vectastain Elite ABC kit from Vector Laboratories (Burlingame, CA, USA) at 1: 200 followed by exposure to tyramide solution according to the manufacturer's instructions. To develop color, diaminobenzidine (brown) was used as the chromogen. Sections were lightly counterstained with haematoxylin. For antibody blocking, MMP3 antibody was pre-absorbed with a five-fold high concentration of blocking peptide (Santa Cruz, CA, USA) in 500 μl PBS at room temperature for 2 hrs.
Digestion of recombinant α-synucleins by MMP3
and Protein gel electrophoresis 500 ng of each recombinant α-synuclein peptide was incubated with recombinant catalytic domain of human MMP3 (cMMP3) at various concentration (250 ng/ml -2 μg/ml) in 30 μl PBS for various duration (5 min-1 hr). Reactions were mixed with loading buffer and were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 10-20 % Tricine gels. Protein was detected by Coomassie brilliant blue staining.
Transient transfection of α-synuclein tagged with flag (N-terminal) and myc (C-terminal), MMP3
knockdown by siRNA and Western blot analysis Human α-synuclein was cloned into the p3XFLAG-myc-CMV™-23 expression vector (Sigma-Aldrich, St. Louis, MO, USA) for N-and C-terminal tagging with flag and myc, respectively. Site-directed mutagenesis using PCR was used for constructing A53T mutation.
For transient overexpression of tagged α-synuclein, SN4741 cells or N27 cells were plated onto 6-well plates at 5 x 10 5 cells per well one day prior to transfection. Next day, cell were transiently transfected with either flag-WTsyn-myc or flag-A53Tsyn-myc. Briefly, 1 μg of plasmid DNA was mixed with 4 μl of Lipofectamine 2000 (Invitrogen) in 100 μl of Opti-MEM for 20 min prior to addition in the culture. 4 hrs after incubation, culture medium was freshly exchanged. Cells were treated with various toxic stimuli after over night incubation. For MMP3 inhibition, cells were treated with NNGH (100 μM) 30 min prior to each stimuli. Total protein lysates were prepared 24 hrs after toxic stimuli and N-and C-terminal fragmentations were determined by Western blot analysis using anti-flag and anti-myc antibodies, respectively. To knockdown MMP3 in N27 cells, three siRNA constructs were purchased from Invirtogen (Stealth RNAi) and tested knockdown efficiency. The sense and anti-sense oligonucleotides were annealed following the manufacturer's protocol to generate double stranded siRNAs at the final concentration of 20 μM. N27 cells grown to 80% confluency in 6-well culture plates and were subjected to co-transfection by incubation with 8 ul of 20 μM siRNAs (final concentration 40 nM) and 1 μg of α-synuclein plasmid in 100 μl of Opti-MEM cantaining10 μl of Lipofectamin 2000. After 6 hr of incubation, the culture medium was freshly changed and cells were maintained for additional 30 hr before analysis. Stealth RNAi with a similar GC content was used for negative control. Co-expression of α-synuclein and catalytically active MMP3 in COS cells using adenovirus Human WTsyn, A53Tsyn, MMP3 catalytic domain (amino acid 100-273) and inactive mutated one (E219A) were cloned into the pENTR/D TOPO vector (Invitrogen, CA, USA) by PCR and then, subcloned into the pAd/CMV/V5-DEST, adenovirus-mediated expression vector by sitespecific recombination using clonase (Invitrogen, CA, USA). These viral constructs were transfected into HEK293 cells to obtain recombinant viruses, followed by virus amplification and purification based on the manufacture's protocol. Viral titers were determined by method previously described (25) . Since N-terminal prodomain, which is responsible for inhibition of catalytic activity of MMP3, was removed, overexpression of the catalytic domain produced an enzymatically active MMP3. 
Establishment of tetracycline-inducible α-synucelin cell lines
Establishment of adeno-associated viral (AAV) constructs and AAV packaging
Flag-tagged either full-length A53T or A53T1-93 peptide were subcloned into the CMV-IREShrGFP/AAV2 (A53Tsyn/AAV or A53T1-93/AAV). Either empty vector, A53Tsyn/AAV or A53T1-93/AAV were co-transfected with pHelper and pAAV-RC to HEK293 cells using a standard calcium phosphate method. After 72 hr, the cells were harvested and crude rAAV vector solutions were obtained by repeated freeze/thaw cycles. The cleared crude lysate was then applied on a heparin-agarose column (Sigma, Saint Louis, USA). After all the lysate went through the column, the matrix was washed twice with 25 ml of PBS (pH7.4, 0.1M NaCl). The virus was then eluted with 15 ml of PBS (pH 7.4, 0.4 M NaCl). The eluent was concentrated to about 1 ml with a Millipore Centriplus YM-30 Centrifugal Filter by centrifugation at 4,000 rpm (better to write rcf as the diameter of rotor varies/ otherwise the specific model can be mentioned), for 15-40 min. To adjust the NaCl concentration to physiological levels, the filter device was refilled with PBS, pH 7.4, and the virus was concentrated to 250-300 l again. After removal of the virus-containing solution, the membrane of the filter device was washed three times with 100 l of PBS, pH 7.4, which was added to the main part of the recombinant AAV2. The fractions containing high-titer rAAV vectors were collected and used for injection into animals. The number of rAAV genome copies was semiquantified by PCR within the CMV promoter region using primers 5'-GACGTCAATAATGACGTATG-3' and 5'-GGTAATAGCGATGACTAATACG-3'.
Overexpression of full-length A53T or A53T1-93 in the rat SN by stereotaxic delivery of AAV viral particles.
The experiments were carried out on rat, in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All procedures were approved by the local Animal Care and Use Committee. Female Sprague Dawley (SD) rats (Charles River; 8 weeks old at the time of the beginning of AAV expression, 2~3 per cage) were maintained in a temperature/humidity-controlled environment under a 12 hr light/dark cycle with free access to food and water. All rats were respectively allocated into two groups: full-length A53T/AAV and A53T1-93/AAV. Rats were deeply anesthetized (ketamine and xylazine mixture 30 mg/kg, i.p.) and placed in a rat stereotactic apparatus, a site in the right substantia niagra (SN) (coordinate: anteroposterior (AP), -5.3 mm; mediolateral (ML), +2.0 mm; dorsoventral (DV), -5.8 mm) was selected to inject full-length A53T/AAV (n=8) or A53T1-93/AAV (n=8). For the negative control, AAV containing empty vector was injected into the contralateral side (coordinate: anteroposterior (AP), -5.3 mm; mediolateral (ML), -2.0 mm; dorsoventral (DV), -5.8 mm). A total of 1 × 10 11 genome copy/ml rAAV particles diluted in 
RESULTS
MMP3 is co-localized with α-synuclein in the Lewy-bodies (LBs) in the SN of postmortem brains of PD patients
Two adjacent sections with 6 µm thickness of the SN area of post mortem brains of PD patients (Table 1) were stained with either MMP3 antibody or α-synuclein antibody. While MMP3 was barely detected in control brain samples, it was localized in LBs with strong staining in the intermediate zone where outer filaments start (Fig. 1A, B) , although its localization pattern in LBs varied; it was mainly in outer halo, but sometimes homogeneously distributed. Interestingly, MMP3 was not present in all LBs that are α-synuclein positive (Fig. 1A, lower panel) . About 57 % of Lewy bodies were co-stained with MMP3. MMP3 antibody preincubated with antigen-peptides failed to detect MMP3 in the adjacent sections (Fig. 1C) . MMP3 was also localized in the cytoplasm. Whether MMP3 in the LB is catalytically active is unknown. MMP3 level was increased in the postmortem brain tissue of PD patients compared to control (suppl. 1).
Differential cleavage of WT α-synuclein (WTsyn) and A53T mutant (A53Tsyn) by cMMP3 and generation of C-terminally truncated peptides
We first tested whether WTsyn was digested by the recombinant catalytic domain of MMP3 (cMMP3). WTsyn (500 ng) was mixed with various concentration of cMMP3 (250 ng/ml to 2 μg/ml) for 60 min. Two distinguishable peptides (peptidea and -b on gel) and several other peptides with higher molecular weight were generated by the lowest concentration of cMMP3 (250 ng/ml), and more peptides of lower molecular weight were produced by higher concentrations of cMMP3 ( Fig.  2A) . Preincubation of cMMP3 (2 μg/ml) with NNGH (20 or 100 μM), a MMP3 inhibitor, prevented α-synuclein digestion. MMP9 did not cleave α-synuclein ( Fig. 2A) , suggesting cleavage of α-synuclein was MMP3-specific. Cleavage of α-synuclein by cMMP3 over a period of time in the same conditions showed that two peptides (peptide-a and -b in Fig. 2B ) were generated within 5 min and more peptides were produced at a later time (30 min after incubation), but the intensity of peptide-a and -b remained strong, suggesting that peptide-a and b were preferentially generated by cMMP3 as reported by others (14) . In order to find differential cleavages of α-synuclein mutants by cMMP3, two human mutant recombinant α-synuclein variants (A30Psyn and A53Tsyn) in addition to WTsyn (1 μg each) were incubated with cMMP3 (1 μg/ml) for 1 hr. Peptides generated from A53Tsyn by cMMP3 differed from those of WTsyn or A30Psyn, showing increased intensity of peptide-a and -b and a new appearance of an additional low molecular weight band (peptide-c) (Fig. 2C) . The result suggests that conformational change caused by A53T mutation modifies MMP3-mediated digestion property. We also incubated β-synuclein with cMMP3, demonstrating differential fragments generation (suppl. 2). FT-ICR mass spectrometry in conjunction with N-terminal determination using Edman degradation was used to identify the cleavage sites for peptides a, b and c in α-synuclein. The amino acid sequences of all three peptides started with a first amino acid of noncleaved α-synuclein, suggesting cMMP3 digested these α-synucleins from their C-terminals. The spectrometric pattern of peptides of A53Tsyn was different from those of WTsyn or A30Psyn (Fig.  3A) . Based on the calculated masses and first amino acid of each peptide, the cleavage site of each peptide was determined. Peptide band-a consisted of two peptides; amino acid 1-93 and 1-91, and peptide band-b consisted of two peptides; amino acid 1-78 and 1-77. Peptide band-c was a single peptide of amino acid 1-47 (Fig. 3B ). Two peptides, 1-91 and 1-78 in A53Tsyn digestion were distinguishable among others with their high intensity.
N-terminal fragments of α-synuclein generated by MMP3 in stressed DA cells
We sought to investigate whether MMP3-elicited α-synuclein fragmentation also occurs in DA cells after stress. Our previous studies demonstrated that expression and activity of MMP3 were increased in DA cells under stress conditions (22) and intracellular activation of MMP3 resulted in apoptosis of DA cells (23) . We demonstrate here that the catalytically active form of MMP3 was induced in N27 cells, a rat DA cell line, after treatment with H 2 O 2 and 6-hydroxydopamine (6-OHDA) (Fig. 4A) . Proteasomal inhibition and the presence of rotenone also led to MMP3 activation (data not shown). Under these conditions, the generation of α-synuclein fragments was investigated using flag-WTsyn-myc (α-synuclein tagged with flag for N-terminal and with myc for C-terminal) construct, since antibodies against Nterminal we tested were not effective. When flagWTsyn-myc overexpressed N27 cells were cultured in the presence of H 2 O 2 (100 μM) or 6-OHDA (50 µM) for 24 hrs, tagged α-synuclein was fragmented (Fig. 4B ). Molecular sizes of fragmented N-terminal peptides were equivalent to those obtained in vitro cleavage of α-synuclein by cMMP3 (Fig. 4B) . Anti-myc antibody detected only full-length α-synuclein, suggesting that no Cterminal peptides were generated (Fig. 4C ). To test whether MMP3 was responsible for this fragmentation, MMP3 was inhibited by siRNAmediated knockdown prior to H 2 O 2 (100 μM) treatment. Transfection of siRNA targeting MMP3 significantly reduced MMP3 in both mRNA and protein levels (Fig. 4D, E) . Knock down of MMP3 using siRNA reduced H 2 O 2 -induced fragmented peptide generation (Fig. 4B) . The results demonstrated that MMP3 cleavage of α-synuclein did occur in DA cells in stressful conditions. Co-overexpression of active MMP3 and α-synuclein resulted in decreased insoluble aggregates and increased formation of protofibrillike aggregates. In order to characterize intracellular pathogenic molecular species of α-synuclein generated by MMP3 cleavage, we first tested co-overexpression of cMMP3 and α-synuclein into SN4741 cells by employing recombinant adenoviral transduction. Unfortunately, adenoviral constructs were highly toxic to SN4741 cells. As an alternative, COS cells that are known to be relatively resistant to adenoviral transduction were used (26) . COS cells were co-transduced with adenovirus expressing WTsyn or A53Tsyn combined with one carrying cMMP3. Adenovirus expressing catalytically inactive mutant MMP3 (mutMMP3) was used as a negative control. Size-exclusion filter assay was performed to characterize Triton X-100 insoluble α-synuclein aggregates at various time points (24, 48 and 72 hrs) after transduction. The result showed that A53Tsyn formed more insoluble aggregates than WTsyn, and co-overexpression with cMMP3 resulted in reduced formation of insoluble aggregates of α-synucleins (both WT and A53T) (Fig. 5A) . Immunochemical staining of aggregates showed that overexpression of α-synuclein in COS cells produced two distinct types of aggregates, LB-like large perinuclear inclusions and small punctated aggregates scattered throughout the cytoplasm that are similar to those observed by others (27) . The α-synuclein immunohistochemistry of the aggregates in COS cells co-overexpressing cMMP3 with WTsyn or A53Tsyn for 72 h after adenoviral transduction showed that 1) co-overexpression of full-length A53Tsyn and mutMMP3 resulted in perinuclear inclusion formation, 2) cMMP3 cleavage led to smaller A53Tsyn aggregates. 3) WTsyn did not form any visible inclusions at this time point and 4) co-overexpression with cMMP3, however, produced small punctated aggregates in the cytoplasm (Fig. 5B) .
In order to further characterize each α-synuclein fragment generated by MMP3 cleavage, tetracycline inducible cell lines stably expressing flag-WTsyn, flag-A53Tsyn, and their MMP3-cleaved peptides (aa1-78, 1-91 and 1-93 peptides of WTsyn and A53Tsyn) were established. Tetracycline-inducibility was tested by measuring both mRNA and protein levels. Cells treated with 5 μg/ml of tetracycline overnight reached maximum expressions. Interestingly, protein expression of aa1-91 peptides of WTsyn and A53Tsyn (WT1-93, A53T1-93 respectively) was less than others, although their mRNA levels were similar to others (Suppl. 3). Immunocytochemistry using anti-flag antibody at 72 hrs after tetracycline treatment showed that, while full-length A53Tsyn formed inclusions near the nucleus, WTsyn1-93 and A53T1-93 yielded increased small aggregates throughout the cytoplasm (Fig. 5C ). Full-length WTsyn and aa1-78 of WTsyn and A53Tsyn showed diffuse cytoplasmic staining without aggregation (Fig. 5C ).
MMP3-cleaved α-synuclein fragments localized into the mitochondrial matrix and A53T1-93 decreased mitochondrial O 2 consumption.
An increasing body of evidence demonstrated that the interaction between α-synuclein and mitochondria is an important part in DA neurodegeneration (28) (29) (30) (31) . Our aim was to test whether MMP3-cleaved α-synuclein peptides are differentially localized in the mitochondria and whether they differentially affect mitochondrial functions. All fragments were localized into the mitochondria when α-synuclein species were induced with tetracycline (5 μg/m) for 5 days. However, only WT1-93 and A53T1-93 reduced mitochondrial O 2 consumption, and A53T1-93 was more effective than WT1-93 in reducing O 2 consumption (Fig. 6A) . Here, YFP-expressing cells similarly treated, were used as control. Growing cells in the galactose media which forces cells to utilize mitochondria for ATP generation instead of glycolysis led to the most significant cell death in cells expressing A53T1-93 (Fig. 6B) .
Proteinase K (PK) protection assay was employed to determine sub-mitochondrial localization of both full length and 1-93 fragments. Optimal conditions that preserved the integrity of the mitochondrial inner membrane were determined in mitochondrial fractions of cells overexpressing full A53T after incubation with various PK concentrations. Proteins in all compartments were almost completely degraded at 50 μg/ml and 100 μg/ml of PK. At concentration 5 μg/ml, VDAC (integral protein in outer membrane) was partially digested, cytochrome C (inter-membrane space) was almost completely degraded and Cox I (inner membrane) was slightly digested. At the same concentration, α-synuclein was protected from PK digestion (Fig. 6C ). This suggests that PK is not able to digest matrix protein at this concentration. Thus, we used 5 μg/ml concentration of PK to test other α-synuclein species. Since VDAC was not efficiently digested by PK, we used Tom20 as outer membrane marker. While PK completely degraded Tom20, Hsp60 (matrix protein) was protected from PK digestion. At this concentration, full length α-synucleins (WT and A53T) were not degraded and 1-93 fragments were slightly digested, suggesting that both forms are mainly localized into the matrix (Fig. 6D) . Using anti-Akt antibody and anti-Tim-23 antibody for cytosolic and mitochondrial fraction, respectively, efficiency of mitochondrial fractionation was verified. A53T1-93-mediated SNDA neurodegeneration in vivo As described above, MMP3-cleaved α-synuclein, especially A53T1-93 resulted in cytotoxicity. This result is consistent with others demonstrating that application of MMP3-digested α-synuclein elicits increased cytotoxicity (14) . To investigate toxicity of A53T1-93 in dopaminergic neurons in the nigrostriatal pathway, we overexpressed both fulllength and A53T1-93 tagged with flag in the rat SN by stereotaxic delivery of recombinant adenoassociated virus (rAAV) carrying each construct into the SN. AAV harboring empty vector was injected at the same coordinate as control. AAV transduction efficiency was monitored by GFP which was bicistronically expressed. Four weeks after AAV injection, about 75 % of tyrosine hydroxylase (TH)-positive DA cells in the SN expressed GFP (suppl. 4). DA neuronal loss and α-synuclein aggregation were examined with anti-TH and anti-flag antibody, respectively at 12 week post AAV injection. Both full-length A53T and A53T1-93 caused degeneration of DA neurons in the SN (Fig. 7A, upper and lower panels) . About 30 % of TH+ DA neuronal loss was observed in the SN overexpressing A53T1-93 compared to control (Fig. 7B ). Nissl staining also showed similar decrease in A53T1-93 (Fig. 7C) . α-synuclein staining using anti-flag antibody showed that LB-like inclusions were only formed by fulllength A53T but not by A53T1-93 (Fig. 7D) . (23, 32, 33) . In the previous study, we demonstrated that MMP3 is activated in DA cells treated with 1-Methyl-4-phenylpyridinium (MPP+) and 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP)-mediated DA neuronal degeneration in the mouse SN was largely attenuated in Mmp3 null mice (22) . We have also shown that intracellularly activated MMP3 participated in apoptosis of DA cells in the presence of toxic stimuli (23) . More recently, we demonstrated that active MMP3 digests DJ-1, abolishes its antioxidant function and eventually leads to dopaminergic neuronal degeneration (24) . These data suggest that MMP3 activity is not limited outside cells, but intracellular MMP3 is active as an endopeptidase and interacts with available substrates in cells. We also show herein MMP3 immunoreactivity in cytoplasmic inclusions, Lewis bodies (LBs) in nigral DA neurons of postmortem brain tissue from PD patients (Fig. 1) . A majority of these LBs where MMP3 is localized also contains α-synuclein. This observation led us to believe that intracellular interaction of active MMP3 with α-synuclein, probably cleaving α-synuclein, is possible. Serine protease, neurosin also can cleave α-synuclein and co-localize with LBs (16, 17) . A number of studies suggests that inclusion-body formation is a part of cellular protection mechanism by reducing diffuse distribution of toxic molecules (34, 35) . Stressinduced intracellular MMP3 activity might be harmful to DA neurons, thus cells actively limit its spread by trapping it within the inclusion bodies. Another explanation is that MMP3 might be passively localized with its substrates to LBs. Whether MMP3 in LBs is enzymatically active or it exists as proform remains to be elucidated.
DISCUSSION
Intracellular existence of MMPs and its activation under various conditions have been reported
In consistent with other study (14, 36) , we also observed herein that MMP3 cleaved α-synuclein in vitro, generating several N-terminal fragments (Fig. 2) . Other MMPs including MMP-1,-2,and -9 were analyzed in the postmortem brain tissue from PD patients (20) . They demonstrated that MMP9 is primarily found in neurons in the SN. In our study, we tested whether MMP9 also cleaves α-synuclein, but it did not digest α-synuclein, suggesting the specificity of MMP3 on α-synuclein cleavage (Fig 2) . Interestingly, mass spectrometry combined with N-terminal determination using Edman degradation identified that MMP3 generated 1-93, 1-91 and 1-78 peptides of both WTsyn and A53Tsyn and A53Tsyn yielded more of these peptides (Fig 3) . The result may imply that structural alterations resulting from A53T mutation changes its interaction with MMP3.
α-synuclein peptides which have equivalent size to ones generated by MMP3 in vitro was detected in DA cells treated with various toxic stimuli such as H 2 O 2 , rotenone and 6-OHDA. Increased expression and intracellular activation of MMP3 was commonly observed under these stress conditions and MMP3 inhibitions using siRNA resulted in decreased cleavage (Fig 4) . It has been demonstrated that C-terminally truncated peptide generation occur spontaneously and preferentially in A53T transgenic mice (12) . The size of those fragments range from 10 to 12 kDa and are correlated with neuropathologic changes. Smaller N-terminal fragments observed in our conditions may be resulted from MMP3 activation caused by toxic stimuli. Various proteases-induced smaller peptides generation has been reported (15, 37) . The results suggest that under stress conditions using toxic stimuli, MMP3-mediated proteolytic cleavage of α-synuclein may play a role in pathogenesis of PD.
MMP3-cleavage led to the change in aggregation property of α-synuclein. While overexpression of full-length WTsyn in COS cells for 72 hrs did not form detectible inclusions, A53Tsyn resulted in perinuclear inclusions formation (Fig 5B) . Co-expressed with catalytically active MMP3 (cMMP3), both WTsyn and A53Tsyn preferentially formed diffuse punctated staining throughout cytoplasm without large inclusions and showed mild increase in toxicity. It has been shown that overexpression of WTsyn in COS cells results in two distinct types of aggregates, punctated small aggregates and large perinuclear inclusion bodies. Biochemical analysis defined small aggregates as the cellular equivalents of the protofibrils (27) . It suggests that small punctated cytoplasmic stainings induced by co-overexpression with cMMP3 can be the protofibril-like aggregates. However, large juxtanuclear inclusions were exclusively observed in COS cells overexpressing A53Tsyn but not WTsyn in current study. This discrepancy might result from different α-synuclein expression levels and incubation time. Similar to what we observed in COS cells co-expressing A53Tsyn and cMMP3, tetracycline-inducible 293 cells expressing A53T1-93 demonstrated increased small punctated aggregates over time (Fig 5C) . In consistent with our data, electron microscopic analysis on MMP3-digested α-synuclein in vitro showed spherical granular aggregate formation and they were more toxic to cells than undigested one, suggesting protofibril intermediate formation (14) . Although devoid of two amino acids from non-amyloid beta component (NAC, amino acid 61-95), A53T1-93 generated small protofibril-like aggregates. In fact, it has been shown that 12-amino acid stretch ((71)VTGVTAVAQKTV(82)) in the middle of the hydrophobic NAC region of human α-synuclein is necessary and sufficient for its fibrillation (38) . As expected, aa1-78 fragment did not form any detectible aggregates. As shown in supplement 1, tetracycline-inducible 293 cells harboring WT1-91 and A53T1-91 showed less protein levels than others, although its mRNA level is similar to others, implying protein instability. This was also observed in SN4741 cells transiently transfected with this construct. Molecular mechanism underlying this phenomenon might need further investigation.
It has been shown that mitochondrial complex I inhibition and oxidative stress can promote α-synuclein aggregation and increase toxicity (26, 39) . A53T transgenic mice reveal its association with mitochondria and that catalytic activity of Cox-I in spinal cord is significantly reduced. Subsets of mitochondria contain α-synuclein and become dysmorphic. Another interesting mitochondrial pathology observed is mitochondrial DNA damage as seen by TUNEL assay (30) . In the present study, mitochondrial localization was not affected by MMP3-mediated α-synuclein cleavage (Fig. 6D) . Mitochondrial O 2 consumption, however, was decreased by aa1-93 fragment. A53T1-93 caused most significant decrease in mitochondrial O 2 consumption (Fig.  6A) . Although A53T1-93 did not induce direct cell death under normal high-glucose culture media, growing in the galactose medium which forces cells to utilize mitochondria for ATP generation led to significant cell death (Fig. 6B) . Recent study identified N-terminal 32 amino acid of human α-synuclein as a cryptic mitochondrial targeting sequence and α-synuclein accumulation resulted in reduced complex I activity (40) . This suggests that N-terminal fragments generated by MMP3 cleavage would translocate into mitochondria. Mitochondrial functional changes caused by each fragment, however, might be determined by its sequence and aggregation pattern.
Finally, we demonstrated the overexpression of A53T1-93 in the rat SNDA neurons led to neurodegeneration (Fig. 7) . Interestingly, while only full-length A53Tsyn was able to form LB-like inclusions in the cytoplasm, both full-length and A53T1-93 overexpression resulted in DA neuronal degeneration. Adeno-associated virus serotype2 (AAV2) was employed for neuron-specific delivery of full-length A53Tsyn or A53T1-93 constructs. Increasing reports have shown that AAV2-mediated gene transfer provides an effective means of achieving long-term expression of target genes in non-dividing cells such as neurons (41, 42) . As shown in supplement figure 2, more than 70 % of TH-positive neurons were GFP-positive four weeks after AAV injection into the SN, indicating efficient expression in DA neurons. It has been demonstrated that AAVmediated α-synuclein delivery into the SN resulted in DA neuronal degeneration in both rat and mouse PD models (43, 44) . Transgenic mice overexpressing amino acid residue 1-130 of human α-synuclein developed selective dopaminergic neuronal loss in the substantia nigra pars compacta (SNpC) (45) . Another study using transgenic mice carrying 1-120 residue of human α-synuclein demonstrated that this truncated form rendered dopaminergic cells more susceptible to oxidative stress (46) . In our study, we failed to show the significant difference in DA neuronal death between A53T1-93 and full-length A53T at 12 weeks overexpression. It might be necessary to investigate longer periods of overexpression to observe the difference. Since A531-93 causes significant mitochondrial toxicity, mitochondriafocused long-term in vivo experiments might be needed.
In summary, we have shown that active MMP3-mediated cleavage generates different pools of peptides from WTsyn and A53Tsyn, and increases the propensity of protofibril-like aggregates formation. 1-93 amino acid peptide that is produced more abundantly from A53Tsyn elicits mitochondrial toxicity. Overexpression of fulllength and A53T1-93 in the rat SN similarly causes degeneration of SNDA neurons while LBlike inclusions are exclusively formed by fulllength A53Tsyn. The result provides a novel insight into the α-synuclein modification by activate MMP3 and its role in the pathogenesis of PD. Table 1 . List of post-mortem human brain tissues. Nine PD patients and six normal controls were obtained from the New York Brain Bank at Colombia University. History was obtained by retrospective chart analysis at the time of autopsy or collected prospectively. Post-mortem intervals were less than 24 h in most cases. WTsyn (500 ng) was incubated with various concentrations of cMMP3 (250 ng/ml, 1 μg/ml and 2 μg/ml) at 37 o C for 1hr. NNGH (20 and 100 µM) was pre-incubated with cMMP3 (1 µg/ml) for 30 min prior to α-synuclein. WT recombinant α-synuclein was also incubated with cMMP9 (1µg/ml). Cleaved peptides were detected by SDS-PAGE followed by Coomassie blue staining. a, b indicate peptide bands generated at the lowest cMMP3 concentration (250 ng/ml). (B) Time-course cleavage of WTsyn by cMMP3. Recombinant WTsyn (500 ng) was incubated with cMMP3 (1 μg/ml) at 37 o C for various durations (5, 15, 30 min and 1 hr), and cleaved peptides were detected by SDS-PAGE followed by Coomassie blue staining. Note that peptide band a and b (arrows) were most efficiently generated within 5 min. (C) Differential cleavage of A53Tsyn from WTsyn. cMMP3 (1 µg/ml) was added to recombinant WTsyn, A30Psyn or A53Tsyn (500 ng each), and after 1hr incubation, generated peptides were detected by SDS-PAGE followed by Coomassie blue staining. a and b, bands most intensely stained in A53Tsyn; c, band exclusively generated in A53Tsyn. Figure 3 . Mass spectrometric analysis of peptides generated from both WT and mutants form of α-synuclein by cMMP3 cleavage. (A) After 30min incubation with cMMP3 (1 µg/ml), peptides from WTsyn, A30Psyn and A53Tsyn (1 μg each) were analyzed by FT-ICR mass spectrometry. Blue ovals represent two strong peaks generated exclusively in A53Tsyn. (B) Amino acid sequences and intensity determined accordingly with deconvoluted m/z value and N-terminal amino acid. Note that band a consists of two peptides (1-93aa and 1-91aa) and band b also consists of two (1-79aa and 1-78aa). Band c is one peptide of 1-47 aa which is exclusively generated from A53T. by guest on November 19, 2017 
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